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Abstract 

In  this  work,  we  demonstrate  a  simple  and  inexpensive  way  to  fabricate  porous  Ti2AlC,  one  of  the  best  studied  materials  from  the 
MAX  phase  family,  with  controlled  porosity  and  pore  size.  This  was  achieved  by  using  NaCl  as  the  pore  former,  which  was  dissolved 
after  cold  pressing  but  before  pressureless  sintering  at  1400  °C.  Porous  Ti2AlC  samples  with  a  volume  fraction  of  porosity  ranging  from 
~10  to  ~71  vol.%  and  different  pore  size  ranges,  i.e.  42-83,  77-276  and  167-545  pm,  were  successfully  fabricated.  Fabricated  samples 
were  systematically  characterized  to  determine  their  phase  composition,  morphology  and  porosity.  Room  temperature  elastic  moduli, 
compressive  strength  and  thermal  conductivity  were  determined  as  a  function  of  porosity  and/or  pore  size.  For  comparison,  several  sam¬ 
ples  pressureless-sintered  without  NaCl  pore  former,  or  fabricated  by  spark  plasma  sintering,  were  also  characterized.  The  effects  of 
porosity  and/or  pore  size  on  the  room  temperature  elastic  moduli,  compressive  strength  and  thermal  conductivity  of  porous  Ti2AlC 
are  reported  and  discussed  in  this  work.  It  follows  that  porosity  can  be  a  useful  micro  structural  parameter  to  tune  mechanical  and  ther¬ 
mal  properties  of  Ti2AlC. 
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1.  Introduction 

Ti2AlC  is  one  of  the  most  studied  compounds  out  of 
more  than  70  ternary  carbides  and  nitrides  with  a  general 
formula  M„+1AX„  (where  n  =  1  to  3,  M  is  an  early  transi¬ 
tion  metal,  A  is  an  A  group  element  and  X  is  C  and/or  N) 
that  are  commonly  referred  to  as  MAX  phases  [1-3].  These 
ternary  compounds  are  also  sometimes  termed  metallic 
ceramics  [4]  because  they  possess  a  useful  combination  of 
both  metallic  and  ceramic  properties.  Ti2AlC,  similar  to 
the  rest  of  the  MAX  phases,  possesses  some  metal-like 
properties,  i.e.  it  is  readily  machinable,  thermal-shock- 
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resistant,  thermally  and  electrically  conductive,  anoma¬ 
lously  soft  (Vickers  hardness  of  4.5  GPa)  [3]  and  damage 
tolerant  [2].  On  the  other  hand,  like  ceramics,  Ti2AlC  has 
a  relatively  low  coefficient  of  thermal  expansion 
(8.2  x  10-6  °C_1)  [3],  and  it  is  refractory,  elastically  stiff 
(Young’s  modulus  of  277  GPa  [5])  and  exceptionally  oxida¬ 
tion-resistant  [6,7].  The  combination  of  both  metallic  and 
ceramic  properties  of  Ti2AlC  and  other  MAX  phases  orig¬ 
inates  partially  from  the  metallic  nature  of  the  bonding, 
and  partially  from  their  layered  structure.  This  unique 
combination  makes  them  promising  for  many  applications 
such  as  electrical  heating  elements  [8],  gas  burner  nozzles  in 
corrosive  environments,  high  temperature  bearings  [9], 
cladding  materials  in  lead-cooled  fast-breeder  nuclear  reac¬ 
tors  [10],  high  temperature  electrodes  [11],  etc. 

Most  of  the  studies  published  to  date  have  reported  on 
processing,  structure  and  properties  of  the  Ti2AlC  and 
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the  rest  of  the  MAX  phases  in  the  compact,  fully  dense 
state,  with  the  exception  of  very  few  recent  studies  that 
focused  on  these  materials  in  the  porous  state  [12-17].  Por¬ 
ous  MAX  phases  deserve  systematic  studies,  because  con¬ 
trol  of  the  porosity  and  pore  size  can  be  used  to  tailor 
their  mechanical  and  functional  properties,  especially 
mechanical  damping,  as  was  demonstrated  by  Fraczkiewicz 
et  al.  [12]  and  Sun  et  al.  [14]  for  Ti3SiC2,  and  Zhou  et  al. 
[13]  for  Ti2AlC.  Moreover,  it  has  been  shown  recently  that 
a  new  class  of  high-strength  MAX  phases/Mg  composites 
with  exceptional  mechanical  damping  can  be  easily  and 
inexpensively  fabricated  by  metal  (Mg)  melt  infiltration 
of  porous  MAX  phases  preforms  [18-20].  Ti2AlC/nano- 
crystalline  Mg-matrix  composite  exhibited  higher  strength 
levels  in  both  tension  (350  =b  40  MPa)  and  compression 
(700  =b  10  MPa)  than  other  Mg  composites,  as  well  as 
exceptional  damping  capabilities  [18].  Apart  from  struc¬ 
tural  applications,  porous  MAX  phases  have  also  been 
demonstrated  to  be  potentially  good  candidate  materials 
for  substrates  for  catalytic  coatings  in  gas  exhaust  catalyst 
devices  [21]. 

In  this  limited  number  of  studies,  porous  MAX  phases 
were  prepared  by  using  one  of  two  methods:  (1)  incomplete 
densification  during  sintering  of  MAX  phase  powders  or 
reaction  sintering  of  elemental  powders  [12-17],  or  (2)  the 
replica  template  method  from  the  highly  dispersed  aqueous 
suspension  using  polyurethane  sponges  as  a  template  [21]. 
Although  the  first  method  is  simple  and  straightforward, 
it  does  not  allow  good  control  over  morphology,  volume 
fraction  and  size  of  the  pores.  On  the  other  hand,  the  sec¬ 
ond  method  allows  good  control  of  the  pore  size  and  mor¬ 
phology,  but  it  is  quite  complex  and  time  consuming,  and 
cannot  be  used  for  processing  samples  with  a  low  volume 
fraction  of  porosity. 

In  this  work,  a  simple  and  inexpensive  way  of  fabricat¬ 
ing  porous  Ti2AlC  with  a  controlled  volume  fraction  of 
porosity  and  pore  size  using  NaCl  as  the  pore  former  is 
reported.  The  use  of  NaCl  as  the  pore  former  was  first 
reported  by  Polonsky  and  co-workers  [22]  in  the  1960s  to 
fabricate  aluminum  foams.  Since  then,  this  method  has 
been  utilized  to  fabricate  open-cell  aluminum  foams  [23- 
25],  shape  memory  alloy  foams  [26,27],  titanium  foams 
[28]  and  other  porous  metals  [29,30].  This  inspired  us  to 
process  porous  Ti2AlC  using  NaCl  powders  as  the  pore 
former.  NaCl  can  be  easily  and  completely  removed  by  dis¬ 
solving  in  water  after  cold  pressing  but  before  sintering. 
Therefore,  no  reaction  between  the  pore  former  and  the 
MAX  phase  is  expected,  unlike  in  the  case  of  organic  pore 
formers  that  can  react  with  the  MAX  phase  powders  dur¬ 
ing  sintering  and  form  binary  carbides  if  they  are  not 
burned  out  completely  at  lower  temperatures  [31].  Addi¬ 
tionally,  NaCl  is  cheap  and  commercially  available  in  a 
broad  range  of  particle  sizes,  which  allows  an  inexpensive 
way  to  control  pore  size.  The  micro  structure  of  porous 
Ti2AlC  was  systematically  characterized,  as  well  as  room 
temperature  elastic  moduli,  compressive  strength  and  ther¬ 
mal  conductivity  to  elucidate  the  effect  of  porosity  and  pore 


size  on  the  thermal  and  mechanical  properties  of  Ti2AlC. 
The  latter  was  based  on  the  comparison  of  different  sam¬ 
ples  pressureless-sintered  both  with  and  without  using 
NaCl  pore  former,  as  well  as  several  samples  sintered  using 
spark  plasma  sintering  (SPS).  Furthermore,  we  demon¬ 
strate  that  the  developed  methodology  can  be  implemented 
easily  to  process  the  samples  with  graded  porosity,  and 
consequently  functionally  graded  properties  of  the  MAX 
phases. 

2.  Experimental  procedures 

Ti2AlC  powders  (Kanthal  AB,  Sweden)  with  a  particle 
size  of  45-90  pm  or  <20  pm  were  used  to  process  all  sam¬ 
ples  in  this  study.  Fig.  la  shows  a  field  emission  scanning 
electron  microscopy  (FE-SEM)  image  of  Ti2AlC  powder 
with  a  particle  size  of  45-90  pm,  while  the  inset  in  the 
top-right  corner  illustrates  the  nanolaminated  nature  of 
the  Ti2AlC  powders.  NaCl  powders  with  particle  sizes  of 
45-90  pm,  180-250  pm  and  355-500  pm  were  used  as  the 
pore  former  (Fig.  lb).  The  Ti2AlC  and  NaCl  powder  mix¬ 
tures  with  0,  20,  40,  60  and  80  vol.%  NaCl  pore  former 
were  mixed  for  1  h  by  ball  milling  and  cold  pressed  in  the 
cylindrical  steel  die  (12.7  mm  in  diameter)  using  a  pressure 
of  800  MPa.  Green  bodies  were  soaked  in  water  overnight 
to  dissolve  the  NaCl  pore  former,  and  rinsed  in  water  after 
that  several  times  to  remove  all  remaining  NaCl.  The  green 
bodies  were  then  pressureless-sintered  in  flowing  argon  at 
1400  °C  for  4  h.  A  Ti2AlC  sample  with  graded  porosity 
was  also  prepared  using  this  method,  but  the  steel  die 
was  filled  in  this  case  with  four  different  layers  containing 
0,  20,  40  and  60  vol.%  NaCl  pore  former.  For  comparison, 
some  porous  samples  were  prepared  by  incomplete  densifi¬ 
cation  using  spark  plasma  sintering  (SPS25-10,  Thermal 
Technologies,  CA)  of  Ti2AlC  powders  in  the  1 100— 
1200  °C  temperature  range  under  50-100  MPa  for  20  min. 

The  micro  structure  of  the  processed  samples  was  char¬ 
acterized  using  a  field  emission  scanning  electron  micro¬ 
scope  (FE-SEM;  Quanta  600  FEG,  FEI,  Oregon,  USA 
or  JSM-7500F,  JEOL,  Tokyo,  Japan).  Pore  size  distribu¬ 
tion  was  determined  by  measuring  the  size  of  over  30  pores 
using  the  intercept  method,  ASTM  El  12-10,  from  the 
SEM  images  in  the  four  randomly  selected  locations  on 
each  sample,  and  calculating  the  fraction  of  the  pores  with 
the  size  in  the  certain  range.  The  density,  overall  porosity 
and  open  porosity  of  the  sintered  samples  were  determined 
by  the  alcohol  immersion  method  based  on  Archimedes’ 
principle,  as  specified  in  ASTM  C20-00  using  the  following 
equations: 

p  _  _ ^dry  X  P ethanoi _ 

fftyvet  ^ suspended  %  ^2 wire 

Coverall  =  (l - - - UlOO  (2) 

\  P  theoretical  / 

C open  =  -  -  X  100  (3) 

Wlwet  Ml suspended  \  Wl wire 


6268 


L.  Hu  et  al.  I  Acta  Materialia  60  (2012)  6266-6277 


Fig.  1.  FE-SEM  images  of  (a)  Ti2AlC  powder  with  particle  size  of  45-90  pm,  and  (b)  NaCl  powder  with  particle  size  of  180-250  pm.  The  inset  illustrates 
the  nanolaminated  structure  of  Ti2AlC. 


where  mdry  is  the  dry  mass  (in  g)  of  the  sample,  msuspended  is 
the  mass  of  the  sample  suspended  in  200%  proof  ethanol, 
mwet  is  the  mass  of  the  sample  after  soaking  in  the  ethanol, 
mwire  is  the  mass  of  the  suspending  system,  pethanoi  is  the 
density  (g  cm-3)  of  the  ethanol,  P  overall  is  volume  fraction 
of  the  overall  porosity  (vol.%)  of  the  sample  and  Popen  is 
volume  fraction  of  the  open  porosity  of  the  sample.  The 
theoretical  density  of  4.1 1  g  cm-3  [1]  for  fully  dense  Ti2AlC 
was  used  as  a  reference  to  calculate  the  volume  fraction  of 
overall  porosity,  Eq.  (2).  The  phase  composition  of  starting 
Ti2AlC  powder  and  sintered  Ti2AlC  sample  was  deter¬ 
mined  using  an  X-ray  diffractometer  (XRD;  D8  Discover, 
Bruker,  Madison,  USA)  with  Cu  Ka  radiation  (wave¬ 
length  =  1.542  A)  at  40  kV  and  30  mA.  The  20  range  was 
varied  from  8°  to  80°  with  a  step  size  of  0.04°  and  a  step 
time  of  1.5  s.  The  scanning  results  were  analyzed  utilizing 
the  Inorganic  Crystal  Structure  Database  (ICSD). 

Elastic  moduli  of  the  processed  samples  were  measured 
by  resonant  ultrasound  spectroscopy  (RUS;  Magnaflux 
Quasar  Systems,  NM),  which  is  based  on  measuring  the 
spectrum  of  the  resonant  mechanical  vibrations  for  a  spec¬ 
imen  with  known  geometry,  dimensions  and  mass  [5,32,33]. 
All  samples  for  RUS  were  machined  until  sharp  edges  and 
a  parallelism  with  less  than  1%  error  of  thickness  were 
achieved.  Porous  Ti2AlC  specimens  (12.7  mm  or  25.4  mm 
in  diameter  and  3.5  mm  in  thickness)  were  placed  on  three 
piezoelectric  transducers.  One  of  the  transducers  (the  trans¬ 
mitting  transducer)  generates  an  elastic  wave  at  constant 
amplitude  but  varying  frequency,  whereas  the  other  two 
transducers  detect  a  response  from  the  sample,  i.e.  resonant 
spectrum.  The  Young’s,  bulk  and  shear  modulus,  as  well  as 
Poisson’s  ratio,  were  determined  from  the  measured  reso¬ 
nant  spectrum,  using  the  multidimensional  algorithm  Qua¬ 
sar  RuSpec  (Magnaflux  Quasar  Systems,  NM)  that 
iteratively  minimizes  error  between  the  measured  and  cal¬ 
culated  resonant  peaks  by  changing  the  initially  “guessed” 
elastic  constants,  until  converging  values  are  achieved.  The 
compressive  strength  of  the  samples  with  dimensions  of 
5x5x8  mm  was  measured  by  using  a  universal  testing 
machine  (MTS810,  MTS,  MN)  under  displacement  control 


mode  with  a  strain  rate  of  5  x  10-3  s-1.  Teflon  tape  was 
applied  between  sample  and  fixture  to  reduce  the  effects 
of  friction.  All  samples  for  compressive  testing  were  cut 
with  a  diamond  saw  and  additionally  ground  to  achieve 
parallelism  with  less  than  1%  error  of  thickness. 

Room  temperature  thermal  conductivity  of  the  porous 
Ti2AlC  was  measured  using  a  hot  disk  thermal  constants 
analyzer  (TPS  2500,  Hot  Disk  AB,  Gothenburg,  Sweden). 
The  hot  disk  sensor  with  radius  of  2.001  mm  consists  of  an 
electrically  conducting  pattern  in  the  shape  of  a  double 
spiral  which  is  laminated  between  two  thin  sheets  of  insu¬ 
lating  material  (Kapton).  The  sensor  was  sandwiched 
between  two  pieces  of  25.4  mm  diameter  discs  of  Ti2AlC 
(thickness  7-10  mm)  during  measurement.  Because  these 
samples  were  bigger  than  the  samples  for  micro  structure 
characterization,  a  lower  cold  press  load  (400  MPa)  was 
used  due  to  the  load  limit  of  the  cold  press. 

3.  Results  and  discussions 

3.1.  Phase  identification 

Fig.  2  shows  a  selected,  but  typical,  XRD  spectrum  of  a 
porous  Ti2AlC  sample  which  was  prepared  with  40  vol.% 
of  NaCl  pore  former  with  a  particle  size  of  355-500  pm, 
as  well  as  an  XRD  spectrum  of  the  starting  Ti2AlC  powder. 
No  new  phase  was  observed  in  the  porous  Ti2AlC  sample 
after  sintering.  Two  major  phases  in  both  starting  powers 
and  pressureless  sintered  samples  (Table  1  and  Fig.  2)  are 
Ti2AlC  and  Ti3AlC2,  while  A1203  and  TiC  were  present 
only  in  a  small  amounts  as  impurities.  The  molar  fractions 
of  different  phases  in  Table  1  were  determined  by  normal¬ 
izing  the  intensity  of  the  highest  XRD  peaks  for  each 
phase.  More  importantly,  no  presence  of  NaCl  was 
observed  in  the  sintered  porous  sample,  which  indicates 
that  all  NaCl  pore  former  was  completely  removed  during 
the  dissolving  in  water.  This  was  also  confirmed  by  energy- 
dispersive  spectroscopy  (EDS;  results  not  shown  here). 

When  comparing  the  phase  composition  of  the  starting 
powder  and  sintered  sample  it  can  be  noticed  that  the 
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Fig.  2.  XRDs  of  starting  Ti2AlC  powder  and  porous  Ti2AlC  sample 
prepared  with  40  vol.%  of  NaCl  pore  former  with  355-500  pm  particle 
size.  The  identification  of  phases  was  according  to  the  Inorganic  Crystal 
Structure  Database  (ICSD)  collection  code  165460  for  Ti2AlC,  153266  for 
Ti3AlC2,  10425  for  A1203  and  44494  for  TiC,  respectively. 

amount  of  Ti2AlC  and  TiC  decreases,  while  the  amount  of 
Ti3AlC2  increases,  during  pressureless  sintering  at  1400  °C. 
The  latter  can  be  explained  by  the  reaction  of  Ti2AlC  with 
TiC  to  form  Ti3AlC2.  However,  a  decrease  of  the  amount 
of  TiC  during  sintering  is  negligible  when  compared  to 
the  decrease  of  the  amount  of  Ti2AlC  or  increase  of  the 
amount  of  Ti3AlC2.  Thus,  the  change  in  the  phase  compo¬ 
sition  must  be  predominately  caused  by  decomposition  of 
Ti2AlC  to  Ti3AlC2  according  to  the  following  reaction  [34]: 

2Ti2AlC(s)  -►  Ti3AlC2(s)  +  TiM-*  +  xAl(g  or  1)  (4) 

where  x  ^  1.  The  composition  of  TiAl^  in  Reaction  (4) 
depends  on  how  much  Al  is  lost  to  the  surroundings  [34], 
with  the  extreme  situation  when  Al  is  totally  lost  as  a  gas¬ 
eous  or  liquid  phase  and  only  pure  Ti  remains.  It  is  this 
reaction  that  additionally  explains  the  fact  that  the  de¬ 
crease  of  Ti2AlC  is  almost  two  times  the  increase  of 
Ti3AlC2  and  that  the  intensity  ratio  of  Ti2AlC/Ti3AlC2  de¬ 
creased  10%  from  4.0  to  3.6  (Table  3).  In  the  porous  sam¬ 
ple,  decomposition  according  to  Reaction  (4)  must  be  even 
more  severe  when  compared  to  the  fully  dense  samples,  be¬ 
cause  the  high  surface  area  allows  faster  loss  of  the  Al.  Fur¬ 
thermore,  a  total  weight  loss  of  ~1%  was  observed  after 
sintering,  which  may  be  attributed  to  the  loss  of  Al,  even 
possibly  some  Ti,  that  can  both  vaporize  at  high  tempera¬ 
tures  and  go  to  the  surroundings.  It  also  follows  that  the 
increase  of  A1203  is  not  surprising  because  some  of  the 
Al  released  from  this  reaction  can  react  with  the  residual 
oxygen  in  the  sintering  atmosphere  and  form  A1203.  Both 


lost  Al  and  lost  Ti  may  react  with  oxygen  to  form  oxides. 
However,  the  Gibbs  free  energy  of  the 
4A1  +  302  — >  2A1203  reaction  is  more  negative  than  that 
of  the  Ti  +  02  —>  Ti02  reaction,  [35,36],  which  indicates 
that  Al  reacts  with  oxygen  more  easily  than  Ti.  This  most 
likely  explains  why  no  Ti02  peaks  (but  A1203  peaks)  were 
detected  by  XRD  in  the  porous  Ti2AlC  sample. 

3.2.  Characterization  of  porosity 

The  porosity  was  quantitatively  characterized  by  the 
determining  values  of  overall  and  open  porosities  of  porous 
Ti2AlC  samples,  as  described  earlier.  Fig.  3  shows  the  var¬ 
iation  of  overall  and  open  porosities  with  volume  fraction 
of  NaCl  pore  former  for  different  sizes  of  the  pore  former 
particles  (i.e.  45-90  pm,  180-250  pm,  and  355-500  pm)  that 
were  used  to  process  porous  Ti2AlC  samples  with  45- 
90  pm  Ti2AlC  powders.  In  all  cases,  the  lowest  overall 
porosity  of  ~9— 10  vol.%,  with  ~60%  open/overall  porosity 
ratio,  was  measured  in  the  sample  pressureless  sintered 
without  any  NaCl  pore  former.  This  porosity  is  mostly 
due  to  the  presence  of  intergranular  pores  (closed  pores) 
and  channels  (open  pores)  that  remained  in  the  structure 
as  a  result  of  incomplete  densification  during  the  pressure¬ 
less  sintering. 

Both  overall  and  open  porosities  generally  increase  line¬ 
arly  with  increasing  volume  fraction  of  NaCl  pore  former 
(Fig.  3),  and  that  trend  is  independent  of  the  particle  size 
of  the  NaCl  pore  former.  The  former  is  particularly  obvi¬ 
ous  in  Fig.  3d,  where  overall  porosity  of  the  samples  with 
different  amounts  of  pore  former  was  plotted  vs.  volume 
fraction  of  pore  former.  This  finding  cannot  be  overempha¬ 
sized,  since  it  suggests  that  the  size  of  pore  former  in  gen¬ 
eral  does  not  affect  shrinkage  of  Ti2AlC  during 
densification/sintering  of  the  porous  samples.  However, 
the  overall  porosity  in  sintered  Ti2AlC  is  not  always  lower 
than  the  volume  fraction  of  pore  former  added  before  sin¬ 
tering.  Fig.  3  clearly  shows  that  the  overall  porosity  of  sin¬ 
tered  samples  is  larger  than  the  volume  fraction  of  pore 
former  for  samples  processed  with  less  than  40  vol.%  of 
pore  former.  However,  for  samples  processed  with  more 
than  40  vol.%  of  pore  former,  the  overall  porosity  is  lower 
than  the  volume  fraction  of  pore  former  used  in  their  pro¬ 
cessing.  This  observation  suggests  that  porosity  in  sintered 
samples  is  not  only  a  function  of  the  amount  of  pore  for¬ 
mer  used  during  processing,  but  also  partially  the  result 
of  incomplete  sintering  of  Ti2AlC  powder. 

Furthermore,  Fig.  3  shows  that  the  difference  between 
overall  and  open  porosities  generally  becomes  smaller  as 


Table  1 

Molar  fractions  of  the  phases  in  the  starting  Ti2AlC  powder  and  porous  Ti2AlC  sample  as  determined  by  the  relative  intensity  of  the  highest  XRD  peaks  of 
each  phase. 

Material  Molar  fraction  of  phases,  %  Phase  ratio 

Ti2AlC  Ti3AlC2  A1203  TiC  Ti2AlC/Ti3AlC2 

Starting  Ti2AlC  powder  77.0  19.2  1.3  2.5  4.0 

Porous  Ti2AlC  sample  74.5  20.7  2.5  2.3  3.6 
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Fig.  3.  Variations  of  overall  and  open  porosities  with  volume  fraction  of  NaCl  pore  former.  Particle  size  of  NaCl  pore  former:  (a)  45-90  pm,  (b)  180— 
250  pm,  (c)  355-500  pm  and  (d)  comparison  of  overall  porosity  in  all  samples.  Insets  show  the  open/overall  porosity  ratio  as  a  function  of  volume  fraction 
of  NaCl  pore  former. 


the  volume  fraction  of  NaCl  increases.  For  example, 
Fig.  3c  shows  that  the  open/overall  porosity  ratio  increased 
from  0.61,  0.95,  0.96  to  0.99  as  the  volume  fraction  of  NaCl 
pore  former  increased  from  0,  20,  40  to  60  vol.%  (for  the 
samples  processed  using  NaCl  pore  former  with  particle 
size  of  355-500  pm).  It  indicates  that  the  number  of  the 
connected  pores  increases  with  increasing  volume  fraction 
of  NaCl  pore  former.  More  individual  NaCl  particles  made 
it  easier  for  any  two  individual  particles  to  connect  to  each 
other,  leading  to  more  connectivity  among  pores  and  mak¬ 
ing  them  open.  Fig.  3  also  suggests  that  when  the  size  of  the 
pore  former  is  significantly  larger  than  the  powder  size 
(inserts  in  Fig.  3b  and  c),  almost  all  pores  are  intercon¬ 
nected  when  the  porosity  is  above  only  20%.  However, 
when  the  pore  former  size  is  comparable  to  that  of  the 
starting  powders,  volume  fraction  of  the  open  porosity 
increases  more  gradually  with  the  amount  of  pore  former. 

The  results  discussed  above  suggest  that  even  higher 
porosities,  especially  open  porosity,  could  be  achieved 
using  this  method  if  the  Ti2AlC  powder  is  finer.  Fig.  4  dem¬ 
onstrates  that  when  starting  with  the  same  volume  fraction 
of  NaCl  pore  former,  i.e.  80  vol.%,  the  sample  with  finer 
Ti2AlC  powder  (<20  pm  particle  size)  reached  71  vol.% 
overall  porosity,  which  was  the  highest  porosity  achieved 
via  this  processing  method  and  was  13%  higher  than  the 
corresponding  value  of  for  the  sample  processed  with 
coarse  Ti2AlC  powder  (45-90  pm  particle  size).  This  result 


100 


<  20  pm  45-90  pm 

Ti2AlC  particle  size 


Fig.  4.  Variation  of  overall  porosity  with  the  starting  Ti2AlC  particle  size: 
fine  powder  (<20  pm)  and  coarse  powder  (45-90  pm).  Both  samples  were 
processed  using  80  vol.%  NaCl  pore  former  (180-250  pm). 

suggests  that  the  Ti2AlC  powder  size,  in  addition  to  volume 
fraction  and  size  of  NaCl  pore  former,  is  another  parame¬ 
ter  that  can  be  used  to  tailor  porosity  and  pore  connectivity 
in  porous  Ti2AlC  prepared  with  NaCl  pore  former. 


3.3.  Morphology  of porous  samples  and  pore  size  distribution 

Fig.  5  shows  morphology  of  the  porous  Ti2AlC  samples 
with  different  pore  sizes  but  the  same  volume  fraction  of 
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NaCl  pore  former  (60  vol.%).  All  three  samples  in  Fig.  5a-c 
had  relatively  comparable  porosities  of  56.0,  50.9  and 
50.6  vol.%,  although  they  were  prepared  with  pore  former 
sizes  of  45-90  pm,  180-250  pm  and  355-500  pm,  respec¬ 
tively.  Although  pores  in  Fig.  5a  appear  to  be  more  con¬ 
nected  than  that  in  both  Fig.  5b  and  c,  results  shown  in 
Fig.  3  clearly  demonstrate  that  that  is  not  the  case  because 
all  three  samples  have  comparable  volume  fractions  of 
open  porosity.  The  fracture  surface  of  the  porous  Ti2AlC 
sample  in  Fig.  5d  illustrates  even  better  the  typical  connec¬ 
tivity  of  Ti2AlC  grains  and  formation  of  the  sintering  necks 
between  them.  The  strong  network  of  grains  with  a  well- 
developed  necks  is  critical  to  obtain  high  mechanical 
strength  of  porous  samples  (see  below).  Note  that  the  lam¬ 
inated  nature  of  Ti2AlC  could  be  once  again  clearly 
observed  at  the  walls  of  the  pores,  as  illustrated  in  the  inset 
in  Fig.  5d. 

Fig.  5  also  shows  that  the  pore  shape  became  more  and 
more  elliptical  with  increasing  pore  size.  The  elliptical 
pores  have  conjugate  in  the  loading  direction,  i.e.  vertical 
direction  in  Fig.  5,  and  transverse  diameter  perpendicular 
to  loading  direction  during  cold  pressing.  Taking  into 
account  that  the  shape  of  NaCl  pore  former  particles  is 
cubic-like  (Fig.  lb)  rather  than  elliptical,  the  elliptical 


shape  of  the  pores  is  most  likely  a  consequence  of  the  cold 
pressing  because  larger  NaCl  pore  former  particles  deform, 
and  eventually  crush  and  compact  easier,  in  the  direction  of 
cold-press  loading.  The  optical  microscopy  on  the  cross- 
sectional  surface  of  as-pressed  samples  (not  show  here) 
confirmed  the  latter. 

The  pore  size  distributions  were  quantitatively  charac¬ 
terized  by  measuring  the  pore  sizes  in  the  samples  shown 
in  Fig.  5,  and  the  results  are  summarized  in  Table  2  and 
Fig.  6.  Table  2  summarizes  the  average  pore  sizes  and 
standard  deviations  for  each  pore  size  distribution  curve 
shown  in  Fig.  6.  As  expected,  the  average  pore  size 
increases  from  59  pm,  148  pm  to  346  pm  with  increasing 
particle  size  of  NaCl  pore  former  (45-90  pm,  180-250  pm 
and  355-500  pm).  Furthermore,  Fig.  6  indicates  that  the 
pore  size  distribution  becomes  broader  with  increasing 
particle  size  of  NaCl  pore  former.  The  authors  believe 
that  the  increasingly  broader  particle  size  range  of  NaCl 
pore  former  is  the  main  reason  why  the  pore  size  range 
increased  significantly.  Another  reason  is  that  the  sam¬ 
ples  processed  from  coarser  particles  have  elliptical  pore 
shape,  and  both  transverse  and  conjugate  diameters  were 
taken  into  account  for  pore  size  measurements,  which 
broadened  significantly  the  pore  size  range.  This  also 


Fig.  5.  Morphology  of  porous  Ti2AlC  samples  after  sintering  with  different  pore  sizes  formed  by  the  addition  of  60  vol.%  NaCl  pore  former  with  different 
particle  sizes:  (a)  45-90  pm,  (b)  180-250  pm,  (c)  355-500  pm  and  (d)  typical  microstructure  of  fracture  surface  at  higher  magnification  (60  vol.%  NaCl  pore 
former  with  particle  size  180-250  pm).  The  overall  porosity  of  these  samples  were  comparable:  (a)  56.0  vol.%,  (b)  50.9  vol.%,  (c)  50.6  vol.%  and  (d) 
50.9  vol.%. 
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Table  2 

Pore  sizes  of  porous  Ti2AlC  samples  with  comparable  overall  porosities.  Average  pore  size  and  standard  deviation  were  determined  from  the  measured 


pore  size  values  as  jc  =  ^  J2f=ixi  and  s  =  y  y  (x;  -  x)2  respectively,  where  N  is  the  total  number  of  the  pore  size  values  measured  from  SEM  images,  xt 
is  the  pore  size  value  and  x  is  the  average  pore  size  value. 


Particle  size  of  NaCl  (|im) 

Volume  fraction  of  NaCl  (%) 

Porosity  (vol.%) 

Average  pore  size  (pm) 

Standard  deviation  (pm) 

45-90 

60 

56.0 

59 

11.7 

180-250 

50.9 

148 

55.5 

355-500 

50.6 

346 

133.1 

Fig.  6.  Pore  size  distribution  of  porous  Ti2AlC  with  different  pore  sizes 
formed  by  NaCl  particles  with  different  particle  sizes:  45-90  pm,  180— 
250  pm  and  355-500  pm. 

explained  that  the  sample  processed  from  355-500  pm 
NaCl  pore  former  would  have  some  measured  pore  size 
at  550  pm,  which  is  larger  than  the  maximum  size  of 
the  pore  former  particles. 

Fig.  7  illustrates  the  morphology  of  porous  Ti2AlC  sam¬ 
ples  processed  with  different  volume  fractions  (0,  20,  40  and 
60  vol.%)  but  fixed  particle  size  of  45-90  pm  of  NaCl  pore 
former.  In  this  case,  after  dissolving  and  sintering,  porous 
Ti2AlC  samples  without  processing  cracks  were  obtained 
with  a  maximum  porosity  of  56.0  vol.%.  As  illustrated  in 
Fig.  7d,  the  sample  with  highest  porosity  shows  intercon¬ 
nected  pores  which  are  homogeneously  dispersed  in  the 
Ti2AlC  matrix.  A  sample  with  lower  porosity  was  pro¬ 
cessed  using  no  NaCl  pore  former  for  comparison 
(Fig.  7a),  i.e.  only  pressureless  sintering  of  starting  Ti2AlC 
powders. 

3.4.  Porous  sample  with  graded  porosity 

The  simple  and  inexpensive  fabrication  method 
described  above  was  also  applied  to  fabricate  a  porous 
sample  with  graded  porosities  as  shown  in  Fig.  8.  This  sam¬ 
ple  was  made  by  cold  pressing  and  sintering  together  four 
different  layers  with  different  volume  fraction  of  NaCl  pore 
former  (i.e.  0  vol.%,  20  vol.%,  40  vol.%  and  60  vol.%)  in 
one  sample.  The  importance  of  having  a  simple  and  easy 
method  for  processing  Ti2AlC  samples  with  graded  poros¬ 
ity  cannot  be  overestimated,  since  it  would  allow  us  to 
functionally  grade  properties  of  the  MAX  phases  and  their 
composites. 


3.5.  Mechanical  properties 


The  elastic  moduli  of  fully  dense  and  porous  Ti2AlC 
samples,  as  determined  by  RUS,  are  listed  in  Table  3. 
The  highest  porosity  of  all  tested  samples  is  ^35  vol.%. 
The  main  reason  for  not  testing  even  higher  porosity  sam¬ 
ples  is  that  high  porosity  samples  were  not  only  too  fragile, 
but  also  hard  to  machine  to  the  shape  needed  for  reliable 
testing  under  RUS,  as  well  in  compression.  The  Young’s 
and  shear  moduli  were  also  plotted  as  functions  of  porosity 
in  Fig.  9.  All  relative  Young’s  and  shear  moduli  values  are 
compared  with  Young’s  and  shear  moduli  of  the  fully 
dense  material  [37].  Both  Young’s  and  shear  moduli  vs. 
porosity  data  were  fitted  using  the  exponential  model, 
Hasselman  model  and  composite  spheres  model  (CSM) 
using  the  following  equations: 

Exponential  model  [38,39]: 


E  _  G 
E()  G0 


-b-p 


(5) 


Hasselman  model  [40]: 

E  =  G  =  b-P 

E0~  G0~  l  +  (6-l).P 


(6) 


Composite  spheres  model  [41-43]: 

E  _  G  _  (1  -P)2 
Fo  Gq  1  +  b  •  P 


(7) 


where  E0  and  G0  are  the  Young’s  and  shear  moduli  of  fully 
dense  Ti2AlC,  P  is  the  porosity  and  b  is  an  empirical  con¬ 
stant.  The  results  of  the  regression  analysis  of  the  experi¬ 
mental  data  in  Fig.  9  using  all  three  models,  as  well  the 
coefficient  of  correlation,  R2,  are  listed  in  Table  4.  Note 
that  the  R 2  values  for  all  three  models  are  essentially  the 
same,  suggesting  that  all  three  models  can  be  used  equally 
well  to  describe  the  change  of  the  elastic  moduli  of  Ti2AlC 
with  porosity.  Nevertheless,  most  importantly  the  results 
shown  here  suggest  that  the  increasing  porosity  within 
the  range  of  3-35  vol.%  causes  a  sharp  decrease  in  elastic 
moduli,  independent  of  the  different  morphology  of  the 
pores  in  the  samples  that  were  prepared  by  different  meth¬ 
ods,  i.e.  HIPing  [5],  SPSing  and  pressureless  sintering. 
Although  the  pore  morphology  is  different  from  SPS 
samples  to  pressureless  sintered  samples,  even  from  pres¬ 
sureless  sintered  sample  with  NaCl  pore  former  to  those 
without  NaCl  pore  former,  the  experimental  data  for  differ¬ 
ent  samples  did  not  scatter  significantly,  but  agreed  well 
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Fig.  7.  Morphology  of  porous  Ti2AlC  samples  with  increasing  overall  porosity:  (a)  9.3  vol.%,  (b)  23.6  vol.%,  (c)  39.3  vol.%  and  (d)  56.0  vol.%.  Samples 
(b),  (c)  and  (d)  were  processed  from  NaCl  pore  former  with  the  same  particle  size  (45-90  pm). 


0 _ 20 _ 40 _ 60 

|  Volume  fraction  of  NaCl  pore  former  (vol.%) 


Fig.  8.  Micrograph  of  the  porous  Ti2AlC  sample  with  graded  porosity. 
Particle  size  of  the  pore  former  was  1 80-250  pm.  Overall  porosity  of  this 
sample  is  33.2  vol.%. 

with  the  models.  Therefore,  the  decrease  of  elastic  moduli 
predominately  stems  from  the  increasing  porosity,  regard¬ 
less  of  the  processing  method  and  pore  morphology. 

Results  of  compressive  strength  measurements  are 
shown  in  Fig.  10a  and  summarized  in  Table  5.  The  com¬ 
pressive  strength  of  fully  dense  Ti2AlC  prepared  by  HIPing 
[44]  was  used  for  comparison  and  its  “relative  compressive 
strength”  in  Fig.  10a  is  equal  to  1.  All  tested  samples,  inde¬ 
pendent  of  the  volume  fraction  of  porosity,  failed  by  crack¬ 
ing  in  the  direction  of  approximately  45°  relative  to  the 
loading  direction,  as  illustrated  in  Fig.  10b.  This  observa¬ 
tion  suggests  that  even  33  vol.%  porous  Ti2AlC  shows  a 
somewhat  graceful  failure,  and  does  not  crush  and  frag¬ 
ment  under  compression  like  typical  highly  porous  ceram¬ 
ics.  The  relative  compressive  strength  of  Ti2AlC  decreases 
down  to  0.3  as  the  porosity  increases  to  42  vol.%.  However, 


unlike  common  ceramics,  i.e.  A1203,  yttria  stabilized  zirco- 
nia  (YSZ)  and  Si3N4  [45-47],  whose  compressive  strength 
drops  dramatically  with  increasing  porosity,  the  compres¬ 
sive  strength  of  Ti2AlC  decreases  less  rapidly  and  almost 
linearly  with  increasing  porosity  (Fig.  10).  The  reason  for 
this  observation  must  lie  in  the  kinking  and  kink  band  for¬ 
mation  that  are  typical  deformation  mechanisms  in 
Ti2AlC,  and  to  a  further  extent  to  all  MAX  phases  [1-3]. 
The  SEM  images  of  the  fracture  surfaces  shown  in 
Fig.  lla-c  reveal  intensive  kinking  and  delamination  of 
porous  Ti2AlC  that  dissipated  a  large  amount  of  mechani¬ 
cal  energy  during  crack  propagation.  Additional  evidence 
of  the  exceptional  damage  tolerance  of  Ti2AlC  could  be 
found  in  the  fact  that  standard  deviations  (from  3.9  to 
16.0%)  for  compressive  strengths  are  relatively  low,  for 
all  tested  samples  independent  of  the  volume  fraction  of 
porosity  and  pore  sizes. 

The  compressive  strength  was  also  investigated  as  a 
function  of  pore  size  and  loading  direction  (Fig.  lld-f). 
Three  samples  with  comparable  volume  fraction  porosity, 
i.e.  29%,  33%  and  33%,  but  processed  using  NaCl  pore  for¬ 
mer  with  different  particle  sizes  (i.e.  45-90  pm,  180-250  pm 
and  355-500  pm,  that  consequently  result  in  the  different 
average  pore  sizes  (i.e.  55,  148  and  346  pm,  respectively)), 
were  tested  and  the  results  are  shown  in  Fig.  lid. 
Fig.  lid  clearly  shows  that  the  compressive  strength 
decreases  due  to  increasing  pore  sizes.  However,  this 
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Table  3 

Particle  size  of  starting  Ti2AlC  powder,  pore  former  size  and  volume  fraction,  sintering  method,  dimensions  of  testing  samples,  density  p,  volume  fraction 
of  overall  porosity  P,  shear  modulus  G,  Young’s  modulus  E,  Poisson’s  ratio  v  and  bulk  modulus  B  of  all  tested  samples. 


Sample 

Ti2AlC 
particle  size 

Pore  former  size/ 
volume  fraction 

Processing 

method 

Dimensions 

(mm) 

P  (g/cm3) 

P  (vol.%) 

G  (GPa) 

E  (GPa) 

V 

B  (GPa) 

Reference 

A 

~25  pm  of 
grain  size 

None 

HIP 

O  20.20  x  3.00 

4.00 

2.7 

118.8 

277.6 

0.169 

139.6 

[18] 

B 

45-90  pm 

None 

SPS 

O  19.68  x  5.17 

3.76 

8.5 

95.2 

221.9 

0.165 

110.5 

This  work 

C 

45-90  pm 

None 

SPS 

0>  19.68  x  7.10 

3.55 

13.6 

67.9 

158.5 

0.167 

79.3 

D 

45-90  pm 

None 

SPS 

O  19.67  x  5.94 

3.45 

16.0 

66.0 

153.1 

0.160 

75.1 

E 

45-90  pm 

None 

SPS 

O  19.63  x  7.51 

3.41 

17.0 

57.6 

134.2 

0.165 

66.8 

F 

<20  pm  and 
45-90  pm 

None 

Pressureless 

sintering 

O  23.99  x  3.45 

3.54 

13.8 

88.3 

206.9 

0.172 

105.2 

G 

45-90  pm 

None 

Pressureless 

sintering 

O  12.55  x  1.81 

2.98 

27.5 

49.1 

116.3 

0.184 

61.4 

H 

45-90  pm 

180-250  pm, 

20  vol.% 

Pressureless 

sintering 

15.79  x  15.79  x  7.55 

2.69 

34.6 

40.9 

93.8 

0.148 

44.4 

Porosity 


Porosity 


Fig.  9.  Young’s  (a)  and  shear  (b)  moduli  of  Ti2AlC  samples  as  functions  of  overall  porosity.  Data  points  are  experimental  data  determined  from  the  SPS 
samples  (triangle,  green  dots),  HIP  sample  (square,  purple  dot)  [5]  and  pressureless  sintered  samples  (round,  blue  dots),  listed  in  Table  3.  Also  included  are 
the  predictions  from  the  CSM  model  (dashed  blue  line),  Hasselman  model  (dashed  black  line)  and  exponential  model  (solid  red  line).  (For  interpretation  of 
the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Table  4 

Empirical  constant  b  and  coefficient  of  correlation  R2  from  the  regression 
analysis  of  the  experiment  data  and  the  model  values. 


Model  name 

Young’s  modulus 

Shear  modulus 

b 

R2 

b 

R2 

CSM 

2.10 

0.92 

1.80 

0.92 

Hasselman 

4.65 

0.92 

4.35 

0.92 

Exponential 

3.95 

0.92 

3.78 

0.92 

decrease  is  relatively  moderate,  ~38%  for  the  increase  in 
average  pore  size  of  over  six  times,  which  is  also  a  less  rapid 
drop  what  the  Griffith  criterion  [48]  predicts,  i.e.  for  the 
strength  of  brittle  materials  containing  pores: 

a  =  (Ey/nc)0'5  (8) 

where  E is  the  Y oung’s  modulus,  y  is  the  surface  energy  and  c 
is  pore  size.  This  observation  is  yet  another  indirect  evidence 
illustrating  the  high  damage  tolerance  of  porous  Ti2AlC.To 
investigate  the  effect  of  pore  axis  orientation  with  respect  to 
loading  direction,  specimens  from  a  sample  processed  with 
20  vol.%  NaCl  pore  former  (355-500  pm)  were  machined 


Fig.  10.  (a)  Relative  compressive  strength  of  Ti2AlC  as  a  function  of  overall 
porosity.  The  loading  direction  is  normal  to  aligned  pore  axis.  Data  points 
are  from  experiments  on  an  HIP  sample  (square,  green  dot)  [35]  and 
pressureless  sintered  samples  (round,  black  dots),  listed  in  Table  4.  Also 
included  are  the  corresponding  data  for  A1203  (dashed  blue  line)  [36]  and 
Si3N4  (dashed  red  line)  [38].  Compression  samples  after  testing:  (b)  a  Ti2AlC 
sample  processed  without  using  NaCl  pore  former,  volume  fraction  of 
overall  porosity  =  21%;  (c)  a  Ti2AlC  sample  processed  using  20  vol.%  NaCl 
pore  former  (355-500  pm),  volume  fraction  of  overall  porosity  =  33%. 
Teflon  tape  was  applied  between  sample  and  fixture  to  reduce  the  effects  of 
friction.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  5 


Particle  size  of  starting  Ti2AlC  powder,  pore  former  size  and  volume  fraction,  sintering  method,  dimensions  of  testing  samples,  volume  fraction  of  overall 
porosity  P  and  compressive  strength  o  of  all  samples  tested  for  compressive  strength. 


Sample 

Ti2AlC  particle  size 

Pore  former  size/volume  fraction 

Processing  method 

Dimensions  (mm) 

P  (vol.%) 

o  (MPa) 

Reference 

SA 

20-25  pm  of  grain  size 

None 

HIP 

2x2x2 

Fully  dense 

540  ±  21 

[19] 

SB 

<20  pm  and  45-90  pm 

None 

Pressureless  sintering 

5x5x8 

16.0  ±0.6 

430  ±  22 

This  work 

SC 

45-90  pm 

None 

Pressureless  sintering 

5x5x8 

20.8 

294 

SD 

45-90  pm 

45-90  pm,  20  vol.% 

Pressureless  sintering 

5x5x8 

28.9  ±  1.4 

208  ±  18 

SE 

45-90  pm 

180-250  pm,  20  vol.% 

Pressureless  sintering 

5x5x8 

33.2  ±0.7 

168  ±27 

SF 

45-90  pm 

180-250  pm,  40  vol.% 

Pressureless  sintering 

5x5x8 

40.8  ±  0.8 

149  ±  10 

SG 

45-90  pm 

355-500  pm,  20  vol.% 

Pressureless  sintering 

5x5x8 

34.0  ±  1.5 

188  ±  12 

and  tested  along  two  loading  directions,  i.e.  normal  (cr±)  and 
parallel  (o//)  to  the  aligned  pore  axis.  The  results  of  testing  in 
compression  and  a  schematic  of  loading  direction  vs.  aligned 
pore  axis  are  shown  in  Fig.  lie  and  f.  The  average  value  of 
a//  is  45%  higher  than  that  of  a±,  which  is  consistent  with 
the  results  reported  in  the  literature  [49]  for  the  samples  with 
similar  morphology,  i.e.  unidirectional  pore  alignment.  As 
illustrated  in  Fig.  Ilf,  the  effective  solid  area  parallel  to  the 
aligned  pore  axis  is  larger  than  that  normal  to  the  aligned 
pore  axis,  which  most  likely  explains  why  the  value  of  o// 
is  higher  than  that  of  o±.  This  indicates  that  the  loading 
direction  is  an  additional  factor  which  should  be  taken  into 
account  for  the  evaluation  of  compressive  strength  of  the 
porous  Ti2AlC  samples  with  elliptical  pores. 

3.6.  Room  temperature  thermal  conductivity 

Results  of  room  temperature  thermal  conductivity  mea¬ 
surements  are  summarized  in  Fig.  12.  The  thermal  conduc¬ 


tivity  decreases  significantly  with  increasing  volume 
fraction  porosity  from  34  to  60  vol.%,  while  it  hardly 
changes  as  the  particle  size  of  NaCl  pore  former  changes 
from  45-90  pm  to  180-250  pm  to  355-500  pm.  This  sug¬ 
gests  that  porosity  is  an  effective  parameter  for  tailoring 
thermal  conductivity,  but  pore  size  cannot  significantly 
affect  the  magnitude  of  thermal  conductivity.  Fig.  12a 
shows  that  the  experimental  data  agrees  well  with  Brugg- 
eman’s  model  [50]: 

^Eff  =  ^MAX  ( 1  ~  P)1'5  (9) 

where  2^  and  l max  represent  the  thermal  conductivities  of 
the  porous  Ti2AlC  and  fully  dense  Ti2AlC,  respectively, 
and  P  is  the  volume  fraction  porosity. 

The  experimental  data  were  also  compared  with  theoret¬ 
ical  bounds  in  Fig.  12b.  Hashin  and  Shtrikman  [51]  derived 
effective  conductivity  bounds  that  were  the  narrowest 
bounds  for  macroscopically  homogeneous,  isotropic, 


Fig.  11.  Different  magnification  FE-SEM  images  of  fracture  surface  of  a  compression  tested  sample  processed  using  40  vol.%  NaCl  pore  former  (180— 
250  pm),  volume  fraction  of  overall  porosity  =  41%:  (a)  x430,  (b)  x  1 100,  and  (c)  x9000.  Compressive  strength  as  a  function  of  (d)  the  particle  size  of  NaCl  pore 
former  (the  loading  direction  is  normal  to  aligned  pore  axis),  (e)  loading  direction,  i.e.  normal  (<t_l)  and  parallel  (oy/)  to  aligned  pore  axis  (sample  processed 
using  20  vol.%  NaCl  pore  former  (355-500  pm);  and  (f)  schematic  of  the  loading  direction  vs.  the  aligned  pore  axis.  P:  volume  fraction  of  overall  porosity. 
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Fig.  12.  (a)  Room  temperature  thermal  conductivity  vs.  volume  fraction  of  overall  porosity  and  pore  size,  i.e.  particle  size  of  NaCl  pore  former,  (b) 
Comparison  of  the  experimental  results  with  the  theoretical  models,  i.e.  the  EMT  model  and  the  Maxwell-Eucken  upper  bound. 


two-phase  materials.  Their  upper  bound  was  mathemati¬ 
cally  equivalent  to  the  well-known  Maxwell-Eucken 
model: 


_  3  2  A  MAX  +  2 Air  —  2(aMAX  ~  2 Air )  *  P 

AEff  ~  A MAX  - — -2 - —~n - ;  \  P 

2  A  MAX  -T  A  Air  ~r  \^MAX  ~  A Air )  '  1 


(10) 


where  kAir  represents  the  thermal  conductivity  of  air.  The 
thermal  conductivity  of  air  and  fully  dense  Ti2AlC  of 
0.026  W  m_1  K  1  [52-55]  and  46  Wm_1K_1  [3],  respec- 
tively,  were  used  in  this  study.  On  the  other  hand,  in  a  heter¬ 
ogeneous  material  structure  in  which  the  two  components 
are  distributed  connectively,  either  component  may  form 
continuous  heat  conduction  pathways,  depending  on  the  rel¬ 
ative  amounts  of  the  components.  Carson  [56]  developed 
Landauer’s  theory  [57]  and  reported  that  the  effective  con¬ 
ductivity  of  this  specific  structure  could  be  modeled  well  by 
the  effective  media  theory  (EMT)  equation: 

(1  -  P)  ~  %  +  P  ^  ~  4//  =  0  (11) 

The  experimental  data  in  Fig.  12b  usually  lie  between 
the  Maxwell-Eucken  upper  bound  and  the  EMT  model. 
The  observed  decline  of  thermal  conductivity  with  increas¬ 
ing  porosity  could  be  explained  by  the  micro  structures 
developed  within  the  porous  Ti2AlC:  the  large  number  of 
pores  trap  air,  which  is  a  better  thermal  insulator,  i.e.  lower 
thermal  conductivity  than  the  highly  conductive  Ti2AlC, 
and  these  air-filled  pores  constitute  obstacles  against  the 
heat  transfer  along  the  thickness  direction;  moreover,  large 
amounts  of  interconnected  pores  made  the  ceramics  grains 
not  necessarily  continuous  or  dispersed,  blocking  the  heat 
conducting  pathways  and  also  contributing  to  the  remark¬ 
ably  low  level  of  thermal  conductivity.  In  addition,  the 
large  number  of  pores  and  micro-sized  interfaces  provided 
significant  photon  scattering. 


4.  Summary  and  conclusions 

In  summary,  the  present  work  reported  a  simple  and 
inexpensive  method  of  processing  porous  Ti2AlC  with 


controlled  porosity  and  pore  size  using  NaCl  as  a  pore  for¬ 
mer.  Porous  Ti2AlC  with  a  wide  range  of  porosity  from  10 
to  71  vol.%  were  processed  using  different  volume  fractions 
of  NaCl  pore  former.  The  samples  with  pores  that  were 
uniformly  distributed  in  the  Ti2AlC  matrix  were  processed 
by  varying  both  pore  former  particle  size  and  pore  former 
volume  fraction.  It  was  found  that  higher  porosity  could  be 
achieved  by  using  finer  Ti2AlC  powders  with  the  same  vol¬ 
ume  fraction  of  NaCl  pore  former.  The  present  processing 
method  can  also  be  used  for  processing  porous  Ti2AlC  with 
graded  porosity,  and  thus  graded  functional  properties,  as 
demonstrated  in  this  work.  Elastic  moduli  decrease  with 
increasing  volume  fraction  of  porosity,  which  agrees  well 
with  the  exponential  model,  Hasselman  model  and  com¬ 
posite  spheres  model.  Compressive  strength  decreased  with 
both  increasing  volume  fraction  porosity  and  increasing 
pore  size.  However,  due  to  the  kinking  and  kink  band  for¬ 
mation,  that  decrease  is  more  moderate  than  in  typical  por¬ 
ous  brittle  media.  Room  temperature  thermal  conductivity 
decreased  with  increasing  porosity,  but  hardly  changed 
with  increasing  pore  size.  The  experimental  data  of  thermal 
conductivity  were  located  between  the  predictions  of  the 
effective  media  theory  model  and  the  Maxwell-Eucken 
upper  bound. 
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